The impact of membrane fouling by natural organic matter (NOM) on the behavior of micropollutants during ultrafiltration (UF) was investigated. Batch experiments with radioactively labeled estradiol and ibuprofen in the presence of NOM model compounds (alginate, Nordic aquatic and Aldrich humic acid) were performed using a hydrophilic and a hydrophobic membrane. The results indicate that the impact of the NOM fractions studied on micropollutant retention correlated with the fouling mechanism of the individual NOM fractions. NOM substances of high molecular weight such as alginate and Aldrich HA that foul the membrane by pore blocking and cake/gel formation had a greater impact than the Nordic aquatic humic acid of lower molecular weight. The effect of cake formation was attributed partly to micropollutant-NOM partitioning and subsequent NOM retention and partly to the effect of the fouling layer itself acting as a kind of second membrane. Fouling by NOM cake/gel formation led to a significantly increased retention of estradiol, whereas the impact of fouling on ibuprofen retention was negligible due to significantly lower Log Koc values of ibuprofen compared to estradiol. Moreover, NOM adsorption on the membrane can lower the adsorption of hydrophobic micropollutants. Membrane adsorption of estradiol was in the order of mg/m 2 and was largely reversible with caustic solutions. The results of this study may prove useful for predicting the mass flow of micropollutants in UF applications.
INTRODUCTION
Ultrafiltration (UF) is a well-established technology for the efficient and sustainable removal of pathogens and turbidity during drinking water production. Fouling is critical for UF processes, as it reduces process performance and impacts product quality (1, 2) . Natural organic matter (NOM) is known as the major foulant during UF. Whereas early research suggested that humic substances were the main foulants, more recently polysaccharides have been found to cause detrimental fouling despite being present in small concentrations compared to humic substances (1) (2) (3) (4) . Although pore blocking and cake formation are the main fouling mechanisms for polysaccharides, these mechanisms apply to humic substances only to a limited extent because the latter also foul membranes by adsorption (1) (2) (3) (4) .
NOM is known to interact with various substances in the water, including micropollutants. As a consequence, NOM governs their transport and fate in the natural environment and during watertreatment processes. Micropollutants have acquired great attention during the last decade due to increased awareness of their hazardous nature in the aquatic environment (5, 6) . This applies also to endocrine-disrupting compounds, because of their ecotoxicological effect, e.g. with regard to fish reproduction (7) (8) (9) . Pharmaceuticals are also of serious public concern due to their potential negative effects on human and animal health, also considering the fact that many cases have been reported where the concentration in surface waters was in the same order or higher than the PNEC value (predicted no effect concentration) (10) (11) (12) (13) .
Considering the fact that the molecular weight cut-off of UF membranes (10-100 kDa) is at least one order of magnitude above the molecular weight of most micropollutants (< 1 kDa, see Table 1 ), the sieving effect can not result in substantial micropollutant removal. Although adsorption onto some UF membranes can lead to their retention in the initial filtration period, this is not considered to be a longterm removal mechanism (14) (15) (16) (17) . Furthermore, biological transformation of micropollutants can be relevant in systems with biological activity such as membrane bioreactors (18) . However, biodegradation is negligible in systems with regular backwash with low concentrations of sanitizers applied in UF membrane plants used for drinking water production (19) . In the case of NF and RO, the membrane sieving effect results in (partial) removal of most of organic micropollutants (16, 17, 20) .
The presence of NOM during ultrafiltration can lead to competition for adsorption sites, resulting in lowered adsorption rates of micropollutants in NOM containing waters, as reported for the filtration of endocrine disrupting compounds in lake Ontario water (14) . Furthermore, the presence of NOM can influence micropollutant rejection by partitioning of the micropollutant in suspended solids and partitioning in the fouling layer, as reported for the ultrafiltration of bisphenol A in greywater (21) . Also the mechanisms of pore blocking and concentration polarization by NOM (humic acids) were reported to influence the retention of bisphenol A in nanofiltration processes (22) .
Cake layer formation by NOM can also occur during ultrafiltration processes (1) , and therefore it can be expected that also during ultrafiltration the presence of NOM can have an influence on the rejection of micropollutant. However, no systematic investigations have been published on this subject. In our study, we used two different micropollutants and three different NOM fractions (a polysaccharide and two humic acid types) in order to assess the mechanisms of this influence. Both compounds are relevant micropollutants, considering the endocrine disrupting effect of estradiol and the fact that ibuprofen (an anti-inflammatory drug) is found in relatively high concentrations in surface waters (23, 24) . In order to avoid analytical inaccuracies associated with measuring micropollutants at environmentally relevant concentrations, radioactively labeled micropollutants were used in this study.
MATERIAL AND METHODS

NOM foulants and solution chemistry
The selected NOM fractions were the polysaccharide alginate (alginic acid, Sigma Aldrich, UK, 12-80 kDa) and two different humic acids (HA), the IHSS Nordic Aquatic HA (International Humic Substances Society, US, 1-5 kDa) and the Aldrich HA (AHA, Sigma Aldrich, UK, 50 kDa). As outlined above polysaccharides and humic substances are major UF foulants. NOM stock solutions of 200 mg C/L were prepared without prefiltration to avoid loss of NOM fractions by adsorbing onto filters.
The concentrations used were 0-40 mg C/L for both HA, and 0-8 mg C/L of alginate. The NOM concentrations used are higher than in natural surface waters (eg. 1-5 mg DOC/L in Swiss lakes (25) ) to enhance fouling. The solutions containing micropollutants and NOM were stirred overnight. Background solutions consisted of deionized water (DI), NaCl (20 mM) and NaHCO 3 (1 mM). The pH was adjusted to pH 7.5 with 0.2 M HCl/NaOH and the consistency of the ionic strength was checked by conductivity measurements. The pH and ionic strength were designed to represent conditions in Swiss lake waters, which are typically oligotrophic and of low conductivity and hardness (25) .
Micropollutant model compounds
Estradiol and ibuprofen were selected for this study because these two substances of concern are found in the effluent of Swiss waste-water treatment plants and surface waters (6, 23, 24) . A further selection criterion was that ibuprofen is negatively charged at neutral pH whereas estradiol is neutral at the same pH. The impact of the micropollutant charge could therefore be investigated. Intrinsic physiochemical properties of estradiol and ibuprofen and their molecular structures are given in Table  1 .
Radioactively labeled estradiol ([2, 4, 6, 7-3H] -Estradiol, GE Health Care, USA) and ibuprofen (Ibuprofen, RS, [3H(G)], American Radiolabeled Chemicals, Inc, USA) were used as they allowed low concentrations to be detected. Stock solutions of radio-labeled (0.1 mg/L) micropollutants were prepared in pure methanol, stored below 4º C and used within one month. The concentration used in the experiments was 100 ng/L and comparable to the concentration ranges detected in Swiss lakes (24) . In the case of the relatively hydrophobic membrane (see section UF experiments), estradiol was largely retained. In order to investigate the estradiol adsorption potential of the membrane, UF experiments with various higher concentrations up to 10 mg estradiol/L were performed (solubility of estradiol in DI 13 mg/L (16)). Due to the large estradiol sorption onto the hydrophobic membrane (see section Retention of estradiol and ibuprofen without NOM), 5 mg estradiol/L was used when estradiol was mixed with NOM fractions to allow a more sensitive analysis (concentrations used in all experiments are listed in Table S1 in Supporting Information). Labeled estradiol was supplemented with unlabeled estradiol (Sigma Aldrich, UK, stock solution was prepared in pure methanol) when concentrations above 100 ng estradiol/L were used. Table 1 Physiochemical properties of estradiol (25) and ibuprofen (26) and their molecular structures.
UF experiments
Two different types of flat-sheet membranes -a polyethersulfone (PES, 100 kDa, Biomax, Millipore UK) and a regenerated cellulose membrane (RC, 100 kDa, Ultracel, Millipore UK) -were used to assess the impact of membrane hydrophobicity. PES membranes are more hydrophobic (contact angle 56° ± 3) than RC membranes (contact angle 26° ± 3) (27) 1 . A fresh membrane was used for every 1 Information about hydrophobicity can be obtained by contact angle measurements with low hydrophobicities given by low contact angles.
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experiment. Prior to use, the membranes were soaked overnight in DI water and then washed and preconditioned (0.5 bar) until a stable flux was observed. The UF test unit was a batch filtration cell (400 mL, Amicon, membrane filtration area 42 cm 2 ) connected to a feed pump (gear pump) and a glass reservoir (5 L). The cell pressure and solution level in the cell were regulated via a pressure control device with limit values of 0.5 bar ± 0.01. No stirring conditions were applied. The permeate was collected in "Schott"-bottles on a balance connected to a PC that logged and recorded data every 30 seconds.
In order to assess the potential loss of micropollutants in the filtration device, a preliminary run through the system without a membrane was performed for each micropollutant. The loss of both micropollutants in the experimental device was found to be < 3 %.
Prior to every experiment, the clean membrane flux was assessed with DI. Before starting the experiment, the system was filled with the solution used in the experiments. A total of one liter was filtrated and the 100 mL permeate fractions were sampled separately. In the case of an overnight experiment (using 10 mg C/L alginate), a collective sample fraction from 500-900 mL was collected. The first 10 mL of permeate of every experimental run were discarded to avoid dilution of the permeate samples by residual DI in the membranes and system.
Moreover, separate experiments with previously HA-fouled hydrophobic (Biomax) membranes and estradiol were performed. Thus 1 L HA solution (without micropollutant) was filtered, the membrane was then rinsed with DI water and subsequently 1 L of micropollutant solution (without HA) was filtered. The permeate was sampled and analyzed as described in the following section.
In order to complete the mass balance of the micropollutants and investigate the cleaning efficiency of different chemical solutions, the membranes were subject to a standardized rinsing procedure. For this purpose, the membranes were first rinsed with DI and then cut into four pieces. Each piece was immersed in a separate bottle with 100 mL DI, hydrochloric acid (0.002 M), sodium hydroxide (0.002 M) or acetone and shaken for 45 minutes. Afterwards, 1 mL of each solution was analyzed in the scintillation counter as described below. The acetone was evaporated at room temperature prior to analysis because it was assumed to interfere with the scintillation liquid in the Scintillation Counter. It was previously ensured that 100 % (± 2.6 %) of the micropollutant remained in the vial while the acetone evaporated.
Analytical methods
The HA was quantified by UV spectrometry (Varian, CARY.100scan, Australia, 254 nm). A total organic carbon (TOC) analyzer (TOC-V, Shimadzu UK) was used to measure the alginate concentration. For the TOC analysis, experiments without micropollutants were performed in view of the high carbon content of the methanol used to make up the micropollutant stock solutions. The standard deviation of the standard solution (1 mg C/L) measurements was 5 %.
The micropollutants were analyzed by a scintillation counter (LS 6500 Multipurpose Scintillation Counter, Beckman Coulter TM USA, counting time 10 minutes, counting three times repeated (29) ). The analyzed sample volume was 1 mL added to 7 mL of scintillation liquid (Ultima Gold LLT, PackardBioscience B.V., The Netherlands) (29). The detection limit was 4 ng/L.
Retention calculations
The observed retention (R) of the substances studied during UF filtration was calculated by Equation 1 (30) .
Cp and Cf are the concentrations of the permeate and initial feed respectively, the subscript n giving the permeate fraction number. It should be noted that the observed retention is not equal to the membrane retention, which is calculated by replacing the feed concentration in eq. (1) with the concentration at the membrane surface. The latter can be significantly higher than the feed concentration due to the concentration polarization of solutes at the membrane surface (30) . However, the concentration at the membrane surface could not be measured with our experimental set up. The concentration in the cell could be measured at the end of an experiment and was used to complete the mass balance.
The retention during UF was calculated for the NOM (RNOM) and the two micropollutants estradiol and ibuprofen (Rmp). The Rmp in the presence of NOM is the sum of the retention by the (virgin) membrane (R mp-membrane ) and the retention due to the presence of NOM. The latter was measured as the retention at the end of the experiments with micropollutants and NOM. The Rmp-membrane results from the experiments without NOM. The presence of NOM can influence the retention of micropollutants due to NOM-partitioning of the micropollutants and an effect of the NOM fouling layer acting like a second membrane. Hence the retention due to the presence of NOM was calculated in this study as the sum of the retention due to NOM-partitioning (Rmp-NOM) and retention by the dynamic NOM-fouling layer (R mp-fl ) (see Equation (2)). It has to be noted that the R mp-membrane can also be affected by NOM in solution due to competition of NOM and micropollutants for membrane adsorption sites.
The value of Rmp-NOM can be estimated from Log KOC 2 (or Log KOM 3 respectively). Log KOC reference values for estradiol and the NOM compounds used are given in Table 2 . They were chosen because they refer to two previous studies run under conditions (pH 7, 0.02 M NaCl) similar to those of our study. The label * refers to the study of Neale et al. (29) using the same estradiol and NOM concentrations in a similarly low range (12.5 mg C/L) to this study. The results of the study labeled with * were therefore used as a reference for our calculations. No reference values with the NOM fractions used were found for ibuprofen. However, the Log Koc values of ibuprofen onto digested sludge (2.5 -min. 1.8, max. 3.1) are significantly lower than for estradiol (3.4 -min. 3.1, max. 3.7) (31). This indicates that the sorption of ibuprofen onto NOM is about ten times lower than that of estradiol onto NOM.
Table 2
Log Koc values for estradiol with humic acids and alginate. Figure 1 shows the retention of ibuprofen and estradiol by the two membranes without the presence of NOM. The flux decline during micropollutant filtration was insignificant. Experiments in triplicate showed deviations of ± 3.5 % in the retention values.
RESULTS
Retention of estradiol and ibuprofen without NOM
It can be seen in Figure 1 that the retention is relatively low (8 %) for estradiol and insignificant for ibuprofen with the hydrophilic membrane (RC). The retention of both micropollutants is significantly greater with the hydrophobic (Biomax) membrane. In the case of ibuprofen, the retention is initially higher (25 %) and then levels off to values of around 7 % with the filtrated volume showing classic breakthrough behavior (16) . The estradiol retention is high throughout the filtration (80 %) with the hydrophobic membrane. These characteristics indicate adsorption of ibuprofen and estradiol -both compounds are hydrophobic to some extent -onto the hydrophobic membrane (16, 17, 20) . Other retention mechanisms such as size exclusion are unlikely due to the large pore size of the UF membrane compared to the MW of the compounds. The significantly larger membrane adsorption of estradiol (85 % declining to 77 %) compared to ibuprofen (25 % declining to 7 %) can be explained by 6 the higher Koc value of estradiol, which indicates a greater affinity of estradiol to the membrane than ibuprofen (20, 31) (see section Retention calculations). Estradiol is uncharged and ibuprofen is negatively charged at pH 7.5 ( Table 1 ). The negative charge of ibuprofen at pH 7.5 increases the charge repulsion between ibuprofen and the membrane because the membrane is also negatively charged at pH 7.5 (33) . It has recently been shown that the membrane adsorption of ibuprofen is lower for negatively charged than for uncharged ibuprofen (20) . This reduced affinity is an expression of the effective hydrophobicity of ibuprofen towards membranes at a given pH.
The capacity of the membrane for estradiol adsorption was further investigated as shown in Figure  1b Our results for the retention of micropollutants, particularly estradiol, due to membrane adsorption by hydrophobic interactions, are in line with other studies reporting adsorption of hydrophobic micropollutants onto hydrophobic UF and NF membranes (14-17, 20, 34) . However, the estradiol adsorption capacity of the hydrophobic membrane (758-780 mg/m 2 membrane) used is relatively high compared to the values reported in other studies with a polysulfone and a composite NF membrane (3.2 µg and 5 µg/m 2 respectively) (16, 34) . This can be partly explained by the fact that these studies measured the adsorption during cross-flow filtration and static adsorption (no flow) and not during batch filtration as in our study. It had already been observed that the adsorption of estrone was lower in static adsorption than in dynamic filtration experiments (34) . This was explained by the limited penetration of estrone and significant adsorption only at the membrane surface (35) . However, the high adsorption of estradiol onto the PES membrane indicates a great affinity of estradiol for PES. Apart from the membrane material, the membrane structure can further impact the adsorption capacity (34) . The large estradiol adsorption capacity observed for the Biomax membrane can be explained by noting that according to the manufacturers' data sheet it is a high-flux ultrafiltration membrane of high porosity associated with a high pore surface area, which results in numerous adsorption sites.
In this study, the recovery of estradiol was investigated by soaking the hydrophobic membranes used for the UF of estradiol (solutions with 2, 3 and 5 mg estradiol/L) in acid and caustic solutions, and in acetone. The results are shown in Figure 2 , where 100 % refers to the estradiol that was retained on the membrane according to the mass balance. It can be seen that over 90 % of the estradiol retained on the membrane could be recovered with acetone, allowing the mass balance to be completed. The missing percentage is attributed to experimental and analytical errors (see section Analytical methods).
Moreover, Figure 2 shows that the recovery of estradiol from the membrane increased with a rising concentration of sodium hydroxide. A solution with 0.02 M sodium hydroxide (pH 12.3) -used in many practical applications to clean membranes -dissolved up to 80 % of the estradiol. The strong effect of sodium hydroxide can be explained by the fact that estradiol is negatively charged above its pKa (10.4), which weakens its adhesion onto the negatively charged membrane (36) . However, compound adsorption onto the membrane is often considered as a short-term effect relevant at the initial stage of filtration (14) (15) (16) (17) . Nevertheless, these results show that high-pH compounds may be released during membrane cleaning procedures, thus leading to partial recovery of the initial adsorption capacity (37) . 
NOM retention and flux decline
In this section, the NOM fouling mechanisms are first discussed by analyzing the flux decline and the retention of the NOM used before relating the NOM fouling mechanisms to the observed micropollutant retention in the following sections. Figure 3 shows the flux decline (a-c) and the retention characteristics (d-f) during UF of the various NOM compounds.
The flux decline caused by the three types of NOM compounds could be classified as alginate > Aldrich HA > IHSS HA. It has to be noted that HA led to less fouling than alginate, although higher concentrations were used. The retention values correlated with the flux decline and were the largest for alginate (> 0.5), followed by Aldrich HA (> 0.2) and IHSS HA (< 0.05).
The retention and fouling effect of Aldrich HA significantly exceeded that of IHSS HA. This can be explained by the greater MW (average 50 kDa) of Aldrich HA compared to IHSS HA (average 10 kDa) and the significant percentage (30 %) of Aldrich HA with a molecular weight higher than the membrane MWCO of 100 kDa (37) . This indicates that Aldrich HA membrane fouling occurred to some extent in the form of pore blocking/cake formation, which was not relevant in the case of IHSS HA (33, 38) . Figure 3a , the flux reductions for NOM solution with estradiol (E) or ibuprofen (I) are given separately due to significant differences not observed in Figures 3b and 3c .
Moreover, it can be seen that the retention of IHSS and Aldrich HA initially declines, in particular with the hydrophobic (Biomax) membrane. This indicates initial adsorption of both HA types used onto the hydrophobic membrane (3, 33, 37) . The IHSS HA membrane adsorption is discussed in more detail in one of our previous publications (32) .
Alginate filtration resulted in a detrimental flux decline, thus confirming earlier findings on its strong fouling tendency (33, 38) . Alginate filtration was characterized by an initially strong flux decline, and a weaker constant decline in a later filtration stage. The alginate retention increased with filtration time. These observations indicate fouling by initial pore blockage and additional cake/gel formation in a later stage (33, 38) .
Finally, the retention and flux decline of alginate and Aldrich HA is similar with both membranes despite their different properties. This indicates the formation of a cake/gel that acts like a second membrane and governs the flux decline. The fact that the MW of Aldrich HA (3-300 kDa, (37)) and alginate (12-80 kDa) are in the range of the membrane pore size (100 kDa) makes it likely for size exclusion and cake formation to occur (32, 37) .
Considering all the flux and retention data, it can be concluded that the dominating fouling mechanism for Aldrich HA and alginate is cake/gel formation. Initial pore blocking was observed with alginate, whereas membrane adsorption was initially relevant with Aldrich HA. In contrast, the only significant fouling mechanism in the case of IHSS HA was initial HA membrane adsorption. Figure 4 shows the retention of estradiol and ibuprofen in the presence of Aldrich HA. In Figure 4a , it can be seen that the ibuprofen retention by the hydrophobic (Biomax) membrane decreases significantly in the presence of Aldrich HA, especially initially (25 % declined to 15 %). This can be explained by the membrane adsorption of humic acid lowering that of ibuprofen (14, 15, 20) . This effect is discussed in detail later (section Retention of estradiol/ibuprofen and HA membrane adsorption). After filtration of 200 mL, the retention differences in the presence and absence of Aldrich HA are no longer significant. This indicates that Aldrich HA has a negligible impact on the retention of ibuprofen apart from membrane adsorption. This finding was confirmed by the fact that Aldrich HA has an insignificant influence (3 %) on ibuprofen retention by the RC membrane (Figure 4c ). Figures 4a and b show that the presence of Aldrich HA significantly increases the estradiol retention by both membranes (except in the initial phase with the Biomax membrane). This finding was further investigated by increasing the Aldrich HA concentration as shown in Figure  4b . It can be seen that the estradiol retention increases further when the Aldrich HA concentration is increased (5 % with 0 mg C/L, 13 % with 10 mg C/L and 25 % with 40 mg C/L). This effect correlates with increased Aldrich HA retention and fouling at the higher HA concentration (Figures 3b and 3e) . This leads to the conclusion that estradiol retention increases significantly with enhanced fouling by Aldrich HA (as shown above), as further discussed below.
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Retention of estradiol and ibuprofen with Aldrich HA
The results shown in
Figure 4
Estradiol and ibuprofen retention in the presence of Aldrich humic acid (mg C/L) a) estradiol and ibuprofen using the hydrophobic (Biomax) membrane, b) estradiol using the hydrophilic (RC) membrane at different concentrations of Aldrich HA, c) ibuprofen using the hydrophilic (RC) membrane. Figure 5 shows the retention of estradiol and ibuprofen in the presence of alginate. In the case of ibuprofen, the presence of alginate led first to slightly increased and then to decreased ibuprofen retention by the hydrophobic (Biomax) and the hydrophilic (RC) membranes. Even negative ibuprofen retention values were observed towards the end of the UF. Such retention characteristics of the negatively charged ibuprofen can be explained by concentration polarization caused by the alginate fouling. The phenomenon of "cake-enhanced concentration polarization" has been previously reported in studies with reverse osmosis and nanofiltration membranes (20, 22, 39, 40) . It implies that a fouling layer (or gel layer) can hinder the back-diffusion of smaller molecules and thereby increase the concentrations of small molecules, such as salts, at the membrane surface resulting in a higher concentration gradient of the small molecules across the membrane and thus a greater transport and a lower observed rejection of these molecules (22, 39) . In order to verify that concentration polarization occurred in the experiments using alginate and ibuprofen, additional experiments were performed in which the solution in the filtration cell was stirred -to minimize concentration polarization -with the hydrophilic membrane. These experiments indeed showed a positive retention of ibuprofen in the presence of alginate ( Figure S1 in Supporting Information). This confirms that concentration polarization was present in the alginate and ibuprofen experiments without stirring. It should however be noticed that the experiments without stirring are more representative for drinking water ultrafiltration processes, because in practice these processes are usually carried out in dead-end mode (without cross-flow).
Retention of estradiol and ibuprofen with alginate
In Figure 5 , it can be observed that in the case of estradiol the retention by both membranes, Biomax and RC, is significantly increased when alginate is present (except in the initial phase with the Biomax membrane). This observation is similar to that made for estradiol and Aldrich HA. The estradiol retention was investigated as a function of alginate concentration (Figure 5b) . It increases further when the latter is increased (5 % with 0 mg C/L, 14 % with 1 mg C/L, 24 % with 4 mg C/L and 39 % with 10 mg C/L) , similar to the results shown above for Aldrich HA. This effect correlates with increased alginate retention and fouling at higher organic concentrations (Figures 3c and 3f ) and indicates that estradiol retention increases with enhanced fouling by organic cake/gel formation.
Concentration polarization can affect the retention of a micropollutant as shown above with ibuprofen and alginate (20) . It may also have been present in the experiments with estradiol and alginate. If this was the case, the estradiol retention would initially be lower than observed and then become greater than observed towards the end of the UF. Our experiments focused on dead-end operated systems with no shear component as most units in Switzerland are operated in this mode. In practice, capillary UF membranes are often used in the drinking-water industry and for dead-end operation the flow in the module can be regarded as semi-cross flow. It can be assumed that such hydraulic effects lead to a lower concentration polarization than observed in our experiments without stirring (30) A low concentration polarization may occur, in particular at the dead-end of the capillary where the cross-flow becomes insignificant. In cross flow operated units, concentration polarization will be also lowered, but depending on the cross flow velocity not be inexistent (30) . Therefore the data here can provide a basis to understand the transport of micropollutants during UF. The qualitatively similar impact of alginate and Aldrich HA on the retention of estradiol and ibuprofen respectively correlates with the similar fouling characteristics of these substances observed. This leads to the conclusion that the individual NOM fouling mechanism determines the effect of NOM on the retention of a specific micropollutant during UF. Moreover, the greater effect of alginate on the retention of ibuprofen and estradiol compared to Aldrich HA correlates with the greater fouling by alginate and indicates that the extent of fouling is critical.
Estradiol retention by NOM partitioning
There are two possible mechanisms to explain the effect of Aldrich HA and alginate cake formation on estradiol retention. First, the estradiol retention can be increased by the presence of the fouling layer that may act as a secondary membrane (15-17, 20, 21) . The second possibility is partitioning of estradiol onto NOM in solution and subsequent retention of the NOM. Estradiol partitioning onto NOM has been investigated by Neale et al. (29) using Aldrich HA and alginate in concentration ranges as low as in our study (12.5 mg C/L) and under similar conditions with regard to pH (7.0), ionic strength (0.02 M NaCl) and estradiol concentration (100 ng/L) (29) . The results of this study were used to calculate the amount of estradiol partitioned onto Aldrich HA and alginate respectively, and hence to calculate the amount of estradiol retained due to NOM partitioning (m R , mp-NOM ) as given in Equation 3 (41) . The mmp refers to the mass of micropollutant used, cOC refers to the carbon concentration, mmp-NOM to the mass of estradiol partitioned onto the specific NOM fraction and RNOM to the retention of the NOM fraction. KOC is defined as the organic carbon partitioning coefficient and the values used in this study are shown in Table 2 marked as *.
In the case of Aldrich HA, the estradiol partitioning was calculated to be 13.6 ng/10 mg C HA. The total retention of Aldrich HA in our experiments was 0.2. Multiplication of this value by the estradiol 10 partitioned onto HA results in 2.7 ng of estradiol partitioned onto the retained HA. A mass balance of the UF experiments using 0 and 10 mg DOC Aldrich HA yields an additional retention of 5.7 ng estradiol when Aldrich HA is present compared to when it is absent. This leads to the estimation that the estradiol retention due to Aldrich HA partitioning accounts for 47% of the totally observed retention increase. The rest of the increased retention has to be attributed to the impact of the dynamic Aldrich HA fouling layer on the membrane. The same calculation was performed for the experiments with 40 mg C/L of Aldrich HA. It showed that an additional retention of 25.5 % of estradiol in the presence of Aldrich HA compared to its absence was due to NOM partitioning. The rest of the additionally retained estradiol was then attributed to the dynamic fouling layer. This lower percentage of estradiol retention due to NOM partitioning in the case of the increased humic acid concentration can be explained by the greater fouling in that case. This indicates that the impact of the dynamic fouling layer acting as a second membrane increases in proportion to the degree of fouling. However, it has to be considered with regard to such calculations that the estimated effect of NOM partitioning depends strongly on the reference used for Koc.
In the case of alginate, the estradiol partitioned onto 4 mg C alginate was 3.5 ng and the total alginate retention was 0.55. Multiplication of the two values yields 1.9 ng of estradiol retained during UF due to alginate partitioning. The estradiol partitioning onto alginate thus accounted for only 15 % of the additionally retained estradiol in the presence of alginate (13.1 ng). The rest was caused by the dynamic alginate fouling layer. However, the relatively large impact of the dynamic alginate fouling layer on estradiol retention correlates with the strong fouling by alginate (Figure 2) . The large flux decline with alginate indicates that this substance forms a rather dense cake/gel on the membrane, which can act as an additional second membrane for the transport of estradiol.
The results for alginate and Aldrich HA coincide with previous studies attributing an increased retention of endocrine substances in the presence of NOM both for NOM partitioning and in the presence of a NOM fouling layer (15, 21) .
The different impacts of fouling by alginate and Aldrich HA on estradiol and ibuprofen retention is based on the different chemical characteristics of these two micropollutants and their partitioning onto NOM (Tables 1 and 2 ). Log Koc values indicate that NOM partitioning is ten times lower for ibuprofen than for estradiol (31) . NOM partitioning can consequently have a significant impact on the retention of estradiol but a minor impact on the retention of ibuprofen.
Retention of estradiol and ibuprofen with IHSS humic acid
Adsorption was the only significant fouling mechanism present with an IHSS HA membrane. This allowed the impact of NOM adsorption on the membranes, principally hydrophobic membranes, in the absence of cake formation, to be studied as shown in Figure 6 . Figure 6b shows that the estradiol retention was similar both in the presence and absence of IHSS HA when the hydrophilic membrane was used. This correlates well with an almost negligible IHSS HA retention by the hydrophilic membrane (Figure 2a) . Figure 6a shows a slightly lower estradiol and ibuprofen retention by the hydrophobic membrane in the presence of 10 mg C/L IHSS HA. The difference was statistically relevant only in the initial phase of ibuprofen filtration and correlated with the initial membrane adsorption of IHSS HA. This indicates that membrane adsorption of HA can lower the retention (caused by adsorption) of ibuprofen and estradiol as already suggested above by the results with Aldrich HA (14, 15, 20) . However, no statistically relevant differences could be observed between the retentions of estradiol at 0, 10 and 40 mg C/L IHSS HA. 
Retention of estradiol after membrane pre-fouling with HA
Additional experiments were performed in order to further investigate the effect of HA membrane adsorption on estradiol retention. The hydrophobic membranes (Biomax) were pre-fouled with IHSS and Aldrich HA before filtration of estradiol (without HA). Relative fluxes after HA pre-fouling were 0.8 (J/J0) for IHSS and Aldrich HA independently of the HA concentration used. No further flux decline occurred during the subsequent estradiol filtration (data not shown). The membranes were rinsed with DI after pre-fouling with HA so that the HA remaining on the pre-fouled membrane may be attributed to HA adsorbed onto the membrane. Figure 6c shows that membrane pre-fouling by IHSS HA decreased the estradiol retention significantly, and to a greater extent than filtration of the premixed compounds (Figure 6a ). In addition, it can be seen that the estradiol retention decreased significantly after pre-fouling with Aldrich HA, although it increased when estradiol and Aldrich HA were premixed (Figure 3a) . The opposite effect of Aldrich HA in the pre-mixed experiment is explained by the dominating effect of Aldrich HA cake formation, which increases the estradiol retention as discussed above. The Aldrich HA cake was not present in the experiment with pre-fouling as the membrane was rinsed with DI before filtration of estradiol, leaving only the adsorbed Aldrich HA on the membrane. However, these experiments clearly indicate that HA membrane adsorption decreased the retention of estradiol by the hydrophobic membrane (15, 16, 20, 35, 36) .
Retention of estradiol/ibuprofen and HA membrane adsorption
The decreased retention of ibuprofen and estradiol when the membrane was fouled with HA can be explained by humic acid occupying adsorption sites for the micropollutants on the membrane surface (15, 16, 20, 35, 36) . The effect is lower for pre-mixed UF because humic acid and estradiol compete for membrane surface and adsorption sites, which is not the case when the membrane is pre-fouled with HA. Moreover, humic acid adsorbed on the membrane can modify the latter's surface characteristics and thus reduce micropollutant-membrane interactions (14, 20, 42) . In an earlier study, we showed that HA adsorption onto the same membrane as used here (Biomax) increases the negative charge of the membrane (33) . A higher negative charge makes the membrane less hydrophobic and increases the charge repulsion between the membrane and the estradiol (20) . It is consequently likely that it reduces the adsorption of estradiol onto the membrane.
Finally, our results show a greater decrease in estradiol retention when the membrane was pre-fouled by Aldrich HA than by IHSS HA. This can be explained by the fact that more Aldrich HA adsorbed onto the membrane than IHSS HA. This greater membrane adsorption is based on the higher molecular weight of Aldrich HA than IHSS HA (37) . The hydrophobicity of humic acids increases with increasing molecular weight, which in turn increases the adsorption of humic acid onto hydrophobic membranes (42, 43) .
CONCLUSIONS
Membrane fouling by NOM can significantly impact the transport of micropollutants during UF processes due to various NOM-micropollutant interactions in solution and during the NOM fouling process as summarized in Table 3 . The impact was found to correlate with the individual NOM fouling mechanisms.
It was found that NOM of higher molecular weight -such as polysaccharides and Aldrich HA -had a greater impact on micropollutant retention than lower-MW NOM such as aquatic IHSS HA. This was ascribed to dominant membrane fouling by cake/gel formation by the high-MW NOM.
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In the case of estradiol, it was shown that cake/gel formation can lead to increased micropollutant retention (up to 40% difference in retention). This was partly attributed to the partitioning of estradiol onto NOM and subsequent NOM retention. This mechanism was found to be mainly relevant to relatively hydrophobic NOM, such as humic substances, and its extent may be estimated from the Log KOC value of a micropollutant Moreover, a retention effect of the fouling layer itself (acting as a second membrane) was suggested, particularly for the pronounced fouling by alginate. Finally, cake-enhanced concentration polarization was observed in the case of ibuprofen during the strong fouling by polysaccharides.
Further NOM-membrane adsorption can modify the membrane surface and reduce the membrane adsorption of micropollutants. This mechanism is mainly relevant to hydrophobic micropollutants, hydrophobic NOM and hydrophobic membranes, as it is based on hydrophobic interactions.
It was found that hydrophobic UF membranes can have a large adsorption capacity -in the range of hundreds of milligrams per m 2 membrane -for hydrophobic micropollutants such as estradiol. Because a large part of the estradiol can be released from the membrane by caustic cleaning solutions, the membrane adsorption capacity can be partly restored. With regard to practical applications, therefore, this indicates that adsorption of micropollutants onto membranes must be considered throughout their operation and not only initially. The results of this study may prove useful for predicting micropollutant mass flows in UF processes and assessing process risks. In Figure 3a , the flux reductions for NOM solution with estradiol (E) or ibuprofen (I) are given separately due to significant differences not observed in Figures 3b and 3c . 
SUPPORTING INFORMATION
Two additional experiments were performed to confirm the occurrence of concentration polarization during the batch ultrafiltration experiments performed in our study. The hydrophilic (RC) membrane was used, the solution in the stirring cell being unstirred (blank) in the first experiment and stirred (100 rpm) in the second one. The results are shown in Figure S1a . It can be seen that the retention of ibuprofen was initially positive and then decreased to negative values when the solution remained unstirred. In contrast, the retention of ibuprofen was negligible except for a slight increase during the first 200 mL of filtration when the filtration was stirred. As stirring strongly reduces the concentration polarization at the membrane surface (1), this indicates that such polarization was present in the experiments with an unstirred solution. Moreover, it can be seen in Figure S1b that stirring reduced the flux decline indicating reduced fouling. This correlates with a reduced/negligible concentration polarization of ibuprofen when the solution was stirred compared to when it was unstirred. 
